Abstract. Partial liquid ventilation with various types of perfluorocarbon (PFC) has been shown to be beneficial in treating acute lung injury, a clinical outcome that may involve the anti-inflammatory activity of PFC. FC-77 is a type of PFC with relatively higher vapor pressure and evaporative loss than other PFCs during partial liquid ventilation. Overproduction of nitric oxide (NO) by inducible nitric oxide synthase (iNOS) has been proposed to play a crucial role in the pathogenesis of inflammatory diseases. However, whether the iNOS/NO pathway is affected by FC-77 is unknown. Thus, the aim of this study was to investigate whether FC-77 inhibits iNOS expression and NO production in lipopolysaccharide (LPS)-treated RAW 264.7 macrophages. We found that treatment with FC-77 significantly attenuated LPS-induced iNOS expression/activity and production of NO and reactive oxygen species (ROS). FC-77 also attenuated LPS-induced pro-inflammatory cytokine formation, but enhanced interleukin-10 production. Furthermore, the LPS-induced degradation of cytosolic IκB-α and activation of nuclear transcription factor-κB (NF-κB) were also inhibited by FC-77. In conclusion, the present study is the first to demonstrate that FC-77 decreases LPS-induced NO production in macrophages, which may be associated with the suppression of pro-inflammatory cytokines, and ROS production, as well as NF-κB activation. These results also provide a novel explanation for its anti-inflammatory activity.
Introduction
The liquid perfluorocarbon (PFC), which possesses unique physical characteristics including high solubility for oxygen and CO 2 as well as low surface tension, has been widely used in partial liquid ventilation. Several studies have demonstrated improvement in gas exchange and pulmonary function after partial liquid ventilation with PFC, such as perflubron, in the lung injury model (1 -3) . Fluorinert (FC-77), a type of PFC, has a relatively higher vapor pressure and evaporative loss and a lower viscosity and radiodensity than other PFCs during partial liquid ventilation (4) . Theoretically, FC-77 may evaporate from the lungs faster than other PFCs after liquid ventilation, which may hasten recovery from liquid-assisted ventilation (5) . Furthermore, administration of FC-77 improved pulmonary compliance and histopathology compared with conventional mechanical ventilation in a piglet model of acute lung injury (4) . It is well known that inflammation plays a crucial role in the pathogenesis of acute lung injury (6) , and antiinflammatory therapy may be a beneficial strategy in treating severe lung injury. In addition to the improvements in pulmonary physiology, an anti-inflammatory activity of perflubron due to inhibition of the production of reactive oxygen species (ROS) and pro-inflammatory cytokines (7 -10) was reported, which may account for its beneficial effect in acute lung injury. Importantly, our previous study demonstrated that FC-77 reduced prostaglandin E 2 formation and cycloxygenase-2 induction in endotoxin-treated macrophages (11) . Accordingly, we propose that FC-77 may exhibit an antiinflammatory activity. However, the anti-inflammatory mechanisms of FC-77 remain unclear.
Nitric oxide (NO), synthesized by the enzyme nitric oxide synthase (NOS), is an important regulatory/modulatory mediator for several physiological functions (12) . However, high output NO production by inducible NOS (iNOS) stimulated by pro-inflammatory cytokines, free radicals, and lipopolysaccharide (LPS) participates in the pathogenesis of inflammatory diseases including sepsis (13, 14) . The LPS-induced inflammatory response and high mortality were all significantly attenuated in both iNOS-deficient mice or mice treated with iNOS inhibitor (15, 16) , further suggesting that suppression of iNOS-derived NO overproduction may be a potential strategy for treating inflammatory diseases. Additionally, a large number of activated macrophages often found in injured tissues are major producers of inflammatory mediators including pro-inflammatory cytokines, NO, and ROS, which have been implicated in the pathogenesis of inflammatory diseases (17, 18) . However, whether FC-77 affects the iNOS /NO pathway in activated macrophages is still unknown. Therefore, in the present study, we tested the effect of FC-77 on LPS-induced iNOS expression, NO production, and nuclear transcription factor-κB (NF-κB) activation in macrophages.
Materials and Methods

Materials
FC-77 (chemical formula: C8F18, with a purity of 100%) was purchased from 3M (St. Paul, MN, USA). To prepare the solution of FC-77 (10% and 30%, v/v), pure FC-77 was mixed with Dulbecco's modified Eagle's medium (DMEM) (v/v = 1:9 or 3:7). Antibodies against iNOS (Transduction Laboratories, Lexington, KY, USA), α-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and IκB-α (Cell Signaling Technology, Beverly, MA, USA) were used in this study. Enzymelinked immunosorbent assay (ELISA) kits for tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β), and interleukin-10 (IL-10) were purchased from Biosource International (Camarillo, CA, USA). Escherichia coli-derived LPS (E. coli serotype 055:B5) was purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Cell culture
Macrophages (ATCC TIB-71, 1 × 10 6 cells) cultured in 24-well plates were incubated with FC-77 solution (10% or 30%, v/v) 600 μl per well for 24 h in the presence or absence of LPS (1 μg/ml). As FC-77 is not miscible with the medium, the cell culture plates were agitated using a mechanical shaker at a gentle 60 revolutions/ min to ensure contact of the cell layer with FC-77 (7) . Because the density of FC-77 is higher than that of the medium, the free FC-77 was on the top layer and could be easily separated from the medium by centrifugation. This top layer was carefully collected with a pipette for nitrite and cytokine determination. The cells were washed twice with PBS buffer to remove residual FC-77 and used to assay activity and expression of iNOS. The cells cultured with DMEM alone acted as the control group.
Experimental design for assays of FC-77 effects
To measure these mediators properly, cells were incubated with FC-77 for variable times for different assays. To measure levels of nitrite, cytokine, and iNOS expression, the incubation time was 24 h. To measure NOS activity, the cells were incubated with LPS for 24 h; the cells were collected and lysed; the FC-77 was added into the cell lysates for an additional 3 h; and then the NOS activity was measured as previously described (19) . For the iNOS mRNA assay, because our preliminary test showed that expression of iNOS mRNA reached a peak after treatment with LPS for 6 h, we used 6 h for the incubation time of LPS and FC-77. For the assay of IκB-α degradation and NF-κB activation, the suitable incubation time of LPS and FC-77 was 1 h, as established in the previous study (20) . Finally, for ROS determination, the cells were preincubated with FC-77 for 1 h and then LPS was added for an additional 3 h to measure ROS production.
Measurement of nitrite and cytokine production
The concentrations of nitrite, a stable metabolite of NO, and cytokine in the culture medium were determined by using Griess agent and commercial ELISA kits, respectively.
Measurement of NOS activity
NOS activity was assessed on the basis of NO 2 − production (19) . Briefly, after treatment of FC-77 with cells for 24 h to activate the NOS activity, the cells were collected and suspended in 40 mM Tris-HCl, pH 8.0, 1 mM DTT, 100 μM PMSF, 10 μg/ml trypsin inhibitor, 5 μg/ml aprotinin, and 10 μg/ml leupeptin at a cell density of 10 7 cells/ml. Then the cells were disrupted by sonication and centrifuged at 100,000 × g for 30 min at 4°C. The supernatant (50 μg protein) was incubated with or without FC-77 for an additional 3 h at 37°C in a reaction mixture containing 50 mM Tris-HCl, pH 7.6, 2 mM L-arginine, 20 μM FAD, 20 μM tetrahydrobiopterin, 1 mM DTT, and 2 mM NADPH. Then the reaction was stopped by boiling for 3 min and the level of nitrite was measured by Griess reagent. The level of nitrite in the reaction solution without NADPH and Larginine was subtracted from the experimental values. The NOS activity was expressed as nmol of nitrite/mg protein.
Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of iNOS
Total cellular RNA was isolated from RAW 264.7 macrophages with a QIAGEN RNeasy kit (Hilden, Germany). The cDNA of iNOS and GAPDH were made and amplified by the following published primers of iNOS and GAPDH: iNOS 5'-CTGCAGCACTTGGAT CAGGAACCTG-3' (forward) and 5'-GGGAGTAGC CTGTGTGCACCTGGAA-3' (reverse), GAPDH 5'-TGCTGAGTATGTCGTGGAGTCT-3' (forward) and 5'-AATGGGAGTTGCTGTTGAAGTC-3' (reverse). The products were separated on a 2% agarose gel in TBE buffer and stained with ethidium bromide solution. The density of the bands was detected and quantized by using Photo CaptMw software (Viller Lourmat, Marne-laVallée, France).
Western blotting assay
Total cellular protein was extracted using lysis buffer [50 mM Tris-HCl, pH 7.4, 0.5 M NaCl, 1 mM EDTA, 0.05% SDS, 0.5% Triton X-100, and 1 mM phenylmethylsulphonyl fluoride (PMSF)]. Then, the cell lysates were centrifuged at 15,000 × g for 10 min at 4°C to collect the supernatant. The protein (12 μg) was separated on 7.5% sodium dodecylsulphate (SDS)-polyacrylamide minigels and then transferred to polyvinylidene difluoride (PVD) membranes (Millipore, Bedford, MA, USA). Nonspecific IgGs were blocked with 5% (w /v) skim milk in Tris-buffered saline (TBS: 50 mM TrisHCl, pH 7.5, 150 mM NaCl, 2.5 mM KCl) and incubated for 1 h at room temperature. Then the membranes were incubated with specific antibodies against iNOS (1:1,000 dilution, Transduction Laboratories) or α-tubulin (1:5,000 dilution, Santa Cruz). The bands were visualized by exposure of the membrane to a horseradish peroxidase-conjugated secondary antibody (1:5,000 dilution, Transduction Laboratories) followed by addition of ECL reagent (Amersham International Plc., Buckinghamshire, UK). The relative optical density of bands was quantified by densitometry and normalized with respect to α-tubulin.
Electrophoretic mobility shift assay (EMSA)
The nuclear extracts were prepared by using NE-PER nuclear and cytoplasmic extraction reagents (Pierce, Rockford, IL, USA). The non-radioactive EMSA was performed by using a nuclear transcription factor-κB (NF-κB) EMSA kit according to the manufacturer's instructions (Panomics, Inc., Redwood City, CA, USA). Briefly, nuclear protein (20 μg) was added into the biotinylated oligonucleotides containing the NF-κB-binding site for 30 min at room temperature, and then the mixture was separated in a nondenaturing polyacrylamide gel (6% with 2.5% glycerol) and finally transferred on a Biodyne B (0.45 μm) positively charged nylon membrane (Pall Schweiz AG, Basel, Switzerland). The blots were detected with ECL reagent (Amersham International Plc.).
Measurement of intracellular ROS formation
RAW 264.7 macrophages (10 7 cells /ml) were preincubated with FC-77 for 1 h and LPS was added for another 1 h. Then, 10 μM 2',7'-dichlorofluorescin diacetate (DCF-DA, Sigma Chemical Co.) was added and incubated for 30 min at 37°C in the dark. Following oxidation by peroxides, the fluorescence of 2',7'-dichlorofluorescin was measured at 485 nm excitation and 530 nm emission by a cytofluorometer (Chronolog, Malvern, PA, USA).
Cell viability assay
Cell viability was assessed by the mitochondriadependent reduction of 3-(4,5-dimethylthiazol-2-yl)-diphenyltetrazolium bromide (MTT) to formazan as previously described (15) .
Statistical analyses
Data are expressed as means ± S.E.M. All results were analyzed by one-way ANOVA followed by a multiple comparison test (Scheffe test). A P value less than 0.05 was considered statistically significant.
Results
Effect of FC-77 on nitrite formation and NOS activity
Treatment with FC-77 (10% or 30%, v/v) for 24 h dose-dependently inhibited LPS-induced accumulation of nitrite production and iNOS activity compared to those of LPS (alone)-treated macrophages (Fig. 1) .
Effect of FC-77 on iNOS induction
Addition of FC-77 also inhibited the LPS-induced iNOS protein and mRNA expression in macrophages compared to those of LPS (alone)-treated alone macrophages (Fig. 2) .
Effect of FC-77 on cytokine formation
Treatment with FC-77 significantly decreased the LPS-induced TNF-α, IL-1β, and IL-6 formation, but enhanced IL-10 production (Fig. 3) .
Effect of FC-77 on NF-κB activation
Since NF-κB is a key regulator for the induction of iNOS and cytokines, the effect of FC-77 on NF-κB activation was also evaluated. Our results showed that FC-77 attenuated LPS-induced degradation of cytosolic IκB-α and activation of NF-κB, as determined by EMSA (Fig. 4) .
Effect of FC-77 on ROS production
To assess whether FC-77 also exerts an antioxidant activity, the intensity of fluorescence of DCF-DAlabeled cells was measured. Addition of LPS to the cells increased the fluorescence by approximately 2-fold relative to the control. Treatment with FC-77 (10% or 30%, v/v) significantly decreased LPS-induced fluorescence by 25% (P<0.05) and 40% (P<0.01), respectively, compared to LPS (alone)-treated alone macrophages (Fig. 5) . 
Effect of FC-77 on cell viability
The absorbances of MTT in FC-77 alone (10% or 30%, v/v)-treated cells were 1.42 ± 0.13 and 1.35 ± 0.09, respectively, compared to that of control cells (1.56 ± 0.21). There was no statistical difference among these groups, indicating that the cell viability was not affected by the concentration range of FC-77 used in this study. In addition, the nitrite, cytokines, and ROS were not detectable in the FC-77 layer, and FC-77 itself did not alter the basal level of these mediators (data not shown).
Discussion
In response to LPS, overproduction of NO by iNOS has been implicated as an important mediator in the pathogenesis of inflammation. However, whether the inhibition of NO production is involved in the antiinflammatory activity of FC-77 is unknown. The present study is the first to demonstrate that FC-77 significantly inhibited LPS-induced iNOS induction and NO production in macrophages, which may be associated with attenuation of NF-κB activation and pro-inflammatory cytokine and ROS production.
It is well known that LPS can induce the production of pro-inflammatory cytokines, including TNF-α, IL-6, and IL-1β, which in turn stimulates iNOS induction (21) . Thus, inhibition of pro-inflammatory cytokine formation may be a potential strategy to suppress the iNOS /NO pathway. The current study showed that treatment with FC-77 dose-dependently inhibited LPS-induced TNF-α, IL-6, and IL-1β formation, which is similar to the results of perflubron (7, 8) . On the other hand, IL-10, an antiinflammatory cytokine, has an ability to attenuate LPSinduced NO production by inhibiting pro-inflammatory cytokine and ROS formation (22, 23) , limiting the availability of iNOS substrate (24) , and reducing iNOS expression (25) . Compared to perflubron (8), a novel finding observed in this study was that FC-77 enhanced the production of IL-10 in LPS-stimulated RAW 264.7 macrophages. Accordingly, FC-77 may decrease the ratio of pro-inflammatory/ anti-inflammatory cytokine, subsequently leading to an inhibition of NO production.
Many of the transcriptional effects of inflammatory genes and cytokines including iNOS and TNF-α are mediated by activation of NF-κB (26, 27) . To further investigate the molecular mechanism involved, the effect of FC-77 on NF-κB activation was evaluated. In quiescent cells, NF-κB is present in the cytoplasm and is bound with the inhibitory molecule IκB-α. Upon activation by LPS, IκB-α is rapidly phosphorylated, causing a dissociation of the IκB-α/ NF-κB complex. Then, active NF-κB translocates into the nucleus and triggers an induction of iNOS and pro-inflammatory cytokines (26, 28) . In the present study, we also found that treatment with FC-77 prevented LPS-induced IκB-α degradation in the cytoplasm and NF-κB activation in nuclei, which is similar to our previous study (11) . The result further indicates that inhibition of NF-κB activation by FC-77 may be an important mechanism accounting for the suppression of iNOS expression. In addition, a direct inhibition of NOS activity by FC-77 may be another mechanism causing the attenuation of NO formation. Although FC-77 markedly inhibited LPS-induced iNOS expression and activity, nitrite production was not completely suppressed by FC-77, especially at the high dose. The finding may suggest that other NO-producing enzymatic systems including xanthine oxidoreductase and mitochondrial enzymes (29) may be also involved in the formation of NO. However, the true mechanisms of action require further study.
In the inflammatory response, overproduction of ROS has been proposed as an important cause of cell and tissue damage (30) . Furthermore, NO can produce highly reactive species, most notably peroxynitrite, by interaction with superoxide anion. Then, peroxynitrite is decomposed to form hydroxyl radical, which may cause further damage to cells and tissues (31) . Importantly, ROS is also a major inducer of NF-κB activation, subsequently leading to the induction of several proinflammatory mediators (32) . The concept is supported by the finding that treatment with antioxidant suppressed NO production through inhibition of NF-κB activation in endotoxin or cytokine-treated macrophages (33, 34) . Therefore, the antioxidant effect of FC-77 observed in this study may be a potential additional mechanism accounting for the attenuation of the iNOS/ NO pathway. However, other possible mechanisms, including reduction in phagocyte function due to modification of cell membrane receptor-ligand binding (35) and altered membrane fluidity (36) by PFCs, may be also involved in the anti-inflammatory activity of FC-77. In summary, the present study demonstrated that FC-77 significantly inhibited LPS-induced iNOS expression and NO production, which may be due to the attenuation of proinflammatory /anti-inflammatory cytokine ratio, NF-κB activation, and ROS formation.
